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i PROGRAM OBJECTIVIEES

The objective of the study program is to devisc and investigate light-

weight and compact antennas which are capable of forming multiple simultancous

independent beams within a limited spatial sector,  Any onc or more of thesce

beams within the coverage scctor should be accessible at any instant with good

isolation between them, In addition, these multiple beam, limited scan

antennas must meet the following specifications:

Beamwidth
Scan Coverage Sector

Antenna Gain Drop-off
duc to Scanning

Antenna System Losses

Antenna Depth

O

1

82 halr angle conc

minimum

aperture diameter

In order to accomplish the above objective, the program has been

divided into the following four tasks:

1, Array clement and subarray pattern control,

25 Multiple beamforming network design,

3a Beam switching matrix study.

4, Comparative analysis of system complexity and performance,




demonstrated to be a very effective means of sidelobe control. The beam

II, OVERVIEW OF THE STUDY PROGRAM

Among the many antenna techniques which are capable of providing
multiple beam-limited scan operation, the overlapping subarray in conjunction

with a stacked-pillbox multiple beam lens has been demonstrated by extensive

analysis that it can meet the design goals as delincated. It has the capability of
grating lobe control by means of overlapping subarray pattern shaping. It ha
the flexibility of designing for a specified number of simultancous independont
bearns so that the network complexity can be controlled for a limited number of
these simultancous beams, The use of stacked pillbox as multiple beamform
high beamforming efficiency, simplified multiple beam network desig

provides
and frequency-independent beam pointing for all multiple beams. This fcature
of frequency independence is very attractive for synchronous satellite to ground
communication systems,

The sidelobe control of this multiple beam antenna has been investigated.

The usc of block feeding in the multiple beamforming matrix design has been

switching matrix design to provide a specificd number of simultancous beams
has been investigated, The impact of block feeding on the beam switching
matrix design has also been identificd,

1

Twvpical overall designs have been worked out for systems with 8 or 10
I

simultancous beams and certain restrictions on multiple beam independence




KK, ARRAY ELEMENT AND SUBARRAY PATTERN CONTROL

A, Principle of Operation of Overlapping Subarray

The basic principle of an overlapping subarray is illustrated in Figurce
HL. 1.b., Vor the purpose of comparison, a conventional subarray antenna
approach is shown in Iigure I, 1.a, The overlapping subarray is similar to
the conventional subarray in which a phase shifter is used to control the phasc of
a group of radiating clements within the antenna array, Lach radiating clement
in the overlapping subarray is fed by the inputs from two or more subarrays
instead of from one subarray as in the casce of the conventional subarray
antenna,  In so doing, the overlapping subarray is very effective in controlling
the subarray pattern shape to suppress the grating lobes in the array factor
formed by the large spacing (scveral wavelengths) between the subarravs, In
the example of Figurce III.1.b, cach subarray consists of ten clements,  For a
given subarray, the five branch lines of the right half of one subarray and the
five branch lines of the left half of the adjacent subarvray to the vight ave com-
bincd in a sct of couplers before coupling into the radiating clements, Ina
similar manncer, the five branch lines to the teft half of the subarray arc
combined with the five branch lines of the right half of the subarray to the left,
As a result, the subarray aperture size is twice as large as the subarray
spacing and twice as large as the aperture size of the conventional subarray
shown in FFigurc III,1.a. This overlapping causces the aperture illumination of
cach subarray to overlap with its two adjacent neighbors as shown in Migure
[II.1.b. In the example as shown in Figure ML 1,b, a triangular illumination
function for cach subarray is assumed. A morce general illumination function

can be employed for an even more cffective pattern control,  The net sum of

-
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these superimposced ithwmination functions, when the input signals to the
subarravs arc inphase¢, viclds a uniform illumination function across the array
aperture as in the casce of a conventional phased arrvay. This is a necessary
condition in order to achicve a lossless operation for the broadside beam,
Since the illumination function for cach subarray is triangular, the subarray

9
pattern is (sin U/U)T in form, where U = kD sin o, The first null of this subarray
pattern is located at the same angular position as that of the first grating lobe of
the array factor since the aperture size of the subarvay is twice as large as the
subarray spacing. burthermore, the subarray pattern does not rise steeply
on vither side of the null position since the slope of the subarray function is also
zero at the null position, thus, allowing the suppression of the grating lobe over
a wide angular scan coverage, The effectivencss of the overlapping subarray
can be vicewed fromthe standpoint of phase intevpolation, ; When the array is
scanned, the resultant phasce at cach ¢lement, due to the combined signals from
two subarravs, assumces a value between the phase values of the two subarray
phasc shifters. It the relative amplitudes of the individual signals from the two
phase shifters are selected properly in accordance to the clement location within
the subarvray, the phasce of the combined signal ar the clements may assume a
fairly lincar function instead of the stepwisc function of a conventional subarray
wntenna.,  This smoothing cffect provides great benefit in suppression of grating

lobes duce to the large spacing between adjacent subarravs

b Design of the Coupling Network

I'he design of the coupling network at cach clement for a lossless
poration is dependent upon the tllumination function selected for cach subarray,
Phe selection of the illumination function is not completely arbitrary, only

functions with the property indicated by the following tormula would result in a




lossless operation for the broadside beam,  This formula is given by:
b}
A(x) + A (\ = L,) = constant

in which A(x) is the illumination function and p is the subarray aperturc length,
It is apparcnt that the triangular function satisfies the above condition.  Other
functions with the above characteristics include the cosine square on a pedestal,
The best choice of the illumination function is dependent on the subarray size
and the range of scan angles,

For the purposce of describing the design of the coupling network in
detail, a sample casc is shown in Figure I 2 in which three subarrays are
shown: Subarravs A, B, and C. In general, for a given element in a subarray
such as ¢lement d of Subarrav A, the amplitude weighting cocfficient may be
denoted as A(x). Element d is also shared with Subarray B in which the
amplitude weighting cocfficient can be denoted as A(x-P). P is the subarray
aperture length,  The condition of the sum of the amplitudes being constant
assures that the superimposced aperture distribution is uniform acvoss the array
corresponding to maximum broadside gain.  The choice of the coupling cocfficients
for the power divider and the corporate feed is not arbitrary., They must be

sclected to mect the following conditions:

: 2 ) 2
W1+ W) =1 (3-2)

in which

\(x) is the partial ficld at the radiating clement caused by a unit wave

it Subarray A,
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B(x) is the partial ficld at the radiéting clement caused by a unit

wave at Subarray B, and
W _(x) and W (x) arc coupling coefficients of the power divider,

Define the coupling cocfficients of corporate feed for Subarray A as ®(x) and for
Subarray Bas 3(x).

A(x) = Ax) W_(x)
B(x) = 3(x) W (x)

Substituting these relationships

into cquation in Condition (3-1) gives the
following:

A) W) + 5(x) W () =

e L

Condition (3-2) can be satisfied if we let:

(x) i\\a(\)
0
3(x) < Vi(x)
['hus,
£X) )
)}
lW_(x) ‘/}\m (3-3)
s
(x) ‘/3 A(X) (3-4)

PRP—




Equations (3-3) and (3-4) give the coupling cocfficients once the amplitude “
weighting cocfficients are specified.

The above conditions assure a lossless operation for the broadsidc
beam case; however, there will be losses in the coupling network when the beam

is scanned away from broadside,

& Two Dimensional Overlapping Subarray Implementation

The implementation of the overlapping subarray concept to mect the
requirements of the multiple beam limited scan antenna as dedincated previously
is depicted in Figure I3, Lincar overlapping subavrvays ave first formed in
the manner as shown in Figure 1, 1,.b, The inputs to these lincar overlapping

subarravs arc then regarded as outputs of the overlapping subarravs in the

orthogonal planc, Thus, cach input terminal of the resultant two dimensional

overlapping subarray transmits signals to S x 8 radiating clements in a square
rrea; and the ad

jacent overlapping subarvays arce spacad four clements apart,

\s a conscquence, cach radiating clement may reccive signals from four sub-

vrray inputs so that phasc interpolation may be obtained in both principal planes.

\s shown, the number of subarrays is one-sixteenth of the total number of

ot ive number of ot ws in the planar array, The design of a multiple
un matrix to proce the <1gnals at the subarray level is much simplificd
{ (] (B3] hannel s, \ MWL T 12 [l Y ~dimensi 1!
fher matrix i yssumed to be the multiple beamforming network. Othet

nultiple beamiformin

jevices may prove more suitable.,  For example, the

lincar Butler mat rice s shown in Figure LI 4 may be replaced by a civceular

pillbox if it is cumbersome to fabricate Butler matrix of excessive sizc

. \nother

possibility may be the substitution of the entine two-dimensional Butler matrix

the HHIFIAT Tens or the multiple beat

N Cotst! tinod l\l'l‘~. 1) ‘-i&ill ol ”1\ =q
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lenses will be discussad in later sections,  After these multiple beams arce
formed, a switching matrix may be used to sclect the beams,  Methods of
sclection of any arbitrary sct of beams has been worked out and will also be

discussed further,

D, Subarray Amplitude Distribution and Subarray Patterns

The overlapping subarray with two levels of overlap as shown in
Figurc I, 1.b has been designed for the present application,  The weighting
coefficients of the subarray can be sclected to vield the best results on antenna
gain and grating lobc suppression,  The best compromisce results when the
grating lobes on both sides of the main beam are equalized at the scan limits,
For grating lobe level on the order of =20 to =25 dB, the weighting cocfficients
of the subarray arc given below:

Subarray Amplitude Distribution:

L8875, 400, 600, 8125, .8125, .600; .400; .1875

The far ficld subarray patterns arce shown in Figure HI 4 with clement spacing
as a paramcter, The grating lobe regions for +82 scan arc also indicated in
the figure, The first sidclobe of the array pattern can be lowered by a slight
modification of the subarray amplitudes; therefore, the grating lobe level is
governed by the drop-off of the main lobe of the subarray pattern as indicated
by the cross hatched arca in Figure [Il.4, The loss in gain and grating lobe
level as derived from the subarray patterns are sunmarized in Figure i, 5, It
is quite clear that grating lobe levels of =20 to =25 dB arc casily obtainable;
however, the clement spacing must be less than 2, L\ in order to minimize the
loss in gain at scan limits to less than 3dB, It is possible to reduce the gain loss
further by reducing the clement spacing.  For example, gain loss of 1.5 dB can

be realized with clement spacing of L,3A, but the required number of subarrays

113




in cach planc would increase by about 40 percent,

[he network diagram of a three-level overlapping subarray is shown in
bicurce HI, o, The determination ol the subarray amplitude distributions and
the network parameters for a given grating lobe Tevel and gain reduction are
discussed in detail in Appendix A, The far ficld subarray patterns for a near
optimum sct of subarray amplitudes are given in Figure IIL 7 for various
cloment spacings,  The loss in gain and grating lobe level are sunmumarized in
Figurce HL 8, It is cvident that the case of a three=level overlap improves the
loss in gain substantially, but the grating lobe suppression is significantly

1

reduced.  For example, a grating lobe of about =13 dB is obtainad for clement
spacing of 2, L\ (2,56 inches), and gain loss is only 0.5 dB, It a grating lobc

level of =20 dB is required, the clement spacing must be reduced to about 1,07
which increases the number of subarrayvs by 32 perceent,  These results indicate
hat two-level overlap can provide better sidelobe control at the expensce of son

gain loss, but the three-level overlap can provide good gain characteristics

i some sacrifice of sidelobe Tevel,
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1V, MULTIPLE BEAMFORMING MATRIX (STACKED PILLBOXES)

A, Description of the Multiple Beamforming Matrix (Stacked Pillboxes)

Application of the stacked pillboxes as a multiple beamforming matrix
is illustrated in Figure V.1, The multiple beamforming unit is comprised ot
two sets of circular pillboxes which are identified as the colunm lenses and the
row lenses in the figure. Construction of each one of these pillboxes is showr
in Figure IV.2. Each pillbox provides a quasi-linear phase tfront at the output
terminals when a given feed array element is energized; thus, cach feed array
clement to the row lenses as shown in igure IV, 1 generates a quasi-plane phase
front at the output terminals at the column lenses, The outputs of the coln
lenses are connected to the N x N overlapping subarravs, which are arranged in
a square lattice. Since cvery input terminal to the row lenses excites all over-
lapping subarrays with various progressive phasc distribution, cach input
terminal is in fact a multiple beam input terminal of the multiple bearmmforming

matrix, The number of input terminals of the row lenses is M x M, which
corresponds to the number of beam positions within the,desired coverage sector,
9

The circular pillbox is shown in Figure IV, 2, Rotiman™ has described
the operation of this device previously., Esscentially, a feed horn illuminates
a circular reflector and the reflected wave is received at the pick -up aperture.
The phase distribution at the aperture is lincar superimposed by a spherical
aberration component, The circular reflector is folded to avoid feed blockage.,
The parallel plate region between the circular reflector and the pick -up aperture
is folded once more to reduce the depth of the device and to locate the feed array
and the pick-up array at opposite sides with respect to cach other. The slope
of the lincar progressive phase distribution of cach feed horn is dependent on

the position of the feed horn in the feod array, As shown in Figure IV, 2, the
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feed horn, which is located at polar angle, &, from the center of the feed array

1’
forms a linear phase front at the pick-up aperture with angle Sk Because of
circular symmetry the shape of the phase error distribution due to spherical
aberration for all feed horns is similar. By appropriate selection of the design
paramcters of the pillbox, the magnitude of the phase error can be controlled.
Design parameters of significance include the following:

Radius of circular reflector, 1{2

Radius of feed array, Rl

Width of the pick-up aperture, D'&
Since the beam pointing angle of the pick -up aperturce is dependent on the location

of the feed horn, the spacing between the adjacent feed horns governs the

scparation between adjacent beam positions,

B. Phasce Error Distribution and the Feed Scan Angle

The amplitude and phasc distribution of the multiple beamforming matrix
can be determined by tracing the signal flow through the network, Since all
column and row lenses are identical, the distribution is a separable function of
two variables; one term is given by the column lens and the other term is given
by the row lens,

The far ficld pattern as derived from this weighting functior is also
scparable in two principal planes. Consequently, the phase error from the row
Iens affects the azimuth plane patterns; wherceas the phase error from the colunn
Iens affects the clevation plane patterns, For our present application, the row
Tens and column lens arce identical to cach other so that the phase error effect
can be studicd by calculating the phasce error distribution on only onc of the

lenses,




‘The phase error distributions on cach column or row lens (circular

pillbox) have been caleulated by the method of ray tracing, The results arc shown

in the family of curves in Figure IV, 3, If we consider the useful portion of the
aperture as bounded by the points in which the phase error curve crosses the
axis, this aperturc ratio, l):;/(ZRz), can be determined as a function of R2 for
a specificd allowable phase error such as 10° or 20°. This relationship is
plotted in UVigure IV.4.a, FPigure IV, 4,b gives the ratio of Rl‘/RLZ for optimum
ac ustment of the feed focusing to minimize phasc errors, It can be scen in
Figurc IV, 4,a that a wider range of valuc of [)3 and R2 can be chosen while the
spherical aberration cffect is fairly small, For example, a possible set of
design parameters for phase error of 10° is listed below:

Maximum phasc crror within aperturc (6) = 10°

Radius of circular reflector (RZ) = 10X

Width of pickup aperture (D:;) =9.1A

Radius of feed array (Rl) = 5.275A
The aperture width of the phased array is in the arca of 50 to 65A; therefore,
the size of the pillbox as given by the above set of parameters is rather small
when compared to the aperture size of the phased array.

As shown in Figure IV, 3, phasc error distribution on the pickup
aperturce varies with respect to the feed horn location or the beam position
cven though the shape of the error curve remains the same,  If the phase error
distribution docs not vary a great deal for all beam positions of intercest, a
Schmidt tyvpe of correction mav be applicd to reduce the phase errors,  Let's
define the angle of normal to the plane wave at the pickup aperture as the feed
scan angle Y. This angle is identical to the horn location angle as mentioned

previously.,  This angle is related to the scan angle of the phased array in




1".!

= _ CiRCULAR REFLECTOR !
A -.
o S
e “EED ARRAY
/[ NX~* .
N\ 7R PICKUP APERTURE
20 — PR AN
i /
10} /
, /
R1/R2=0510 ,
0.515
PHASE 0 ;
FRROR
- :\’ru’{:-TFR
PIN 10
DEGREES
204
PHASE ERROR. &= R2/10 +P, R72 IN WAVELENGTHS
30—
40 ‘ ’ ? ’ |
U 0.1 0.2 0.3 0.4 0.5 0.6
r R+ SEC 0
FIGURE IV, 3 = PHASE ERROR AT PICKUP APERTURE (BEFORE COMFPENSATION)




(a) 5 MAX PHASE ERROR R
WITHIN D3 2
F
r
0.500 200 — D02 ‘¢—l\ - SR
10¢
x Dy
= 20
=
[ 0.400 b— 10\
‘ b 109
0.300 i ]
10 1 S
Rs IN WAVE LENGTHS
|
|
(b)
0.940
Y 0 530
< -!(’U
-~
109
0.510 l |
10 15 0 5
R IN WAVE LENGTHS

Figure 1V.4. “Selection of Design Parameters 1o Meet Spv('(‘rll.i(‘d Allowable Phase Error (Betore

Compensation)

G014

L-0¢




the following manncr: |

D

sin :1 = sin &, (4-1)
3 s

in which ’
l)4 is the aperture width of the phased array, and

4, is the scan angle of the phased array. ‘

IFor the possible scet of design paramcters as mentioned, the feed angle exceeds
80°, therefore, phasc crror control docs not impose the lower limit on the
sizc of the pillbox in this casce, The dependence of the feed scan angle on the v
width of the pickup array is shown in Figures IV.5.a and IV.5.b., The first case
is a 1° beam phasced array with almost uniform amplitude weighting, and the
second casc is a 19 beam phased array with 30 dB Taylor weighting. If it is
desired to maintain feed scan angle at 30° or less, the width of the pickup
apcerture is 14X and 17X for these two cases, respectively, The reasons for '
maintaining a small feed scan angle will be discussed further later on,

A possible sct of design parameters for maximum feed scan angle of
307 is listed belows:

Maximum feed scan angle, 8y = 30°

Amplitude taper on phased arrav = 30 dB Tavlor

Width of phased array, !‘.1 62\ (for 1° beam)

Width of pickup array, I); 17.5A (see Figure IV.5.b)

Phase error before correction, i e l(\") (sce Figure IV,5.a)

Radius of circular reflector, R, = 20X (see Figure IV, 4,a)

Radius of feed array, Rl 10.5)\ (sce Figure IV, 4,b)

It is possible to reduce the phase error by a Schmidt type of correction

it the pickup array. This crror correction method requires insertion of linc

S
a




Figure 1V.5.

Dependence of

" Feed Scan Angle on Width of Pickup Array




lengths equal to the negative of the average equivalent line length duc to the
phase crrors, This correction procedure has been carriced out for the above
design. The phase error distributions before correction and after correction
arc shown in igures IV.6.a and IV, 6.b, respectively, It is quite clear from
obscrvation of the two crror distributions that phasc crror over much of the
aperturc is greatly improved, and the maximum phasc crror after corrcection
is less than half of the maximum phasc error before correction, Thus, this
mcthod of error correction is very cffective and should be incorporated into
the circular pillbox design. In this case, the maximum phase error after
correction is only 8% which should permit realization of our sidelobe

objective of 20-25 dB.

@ Aperture Distribution of the Pickup Array
It Analysis

The calculation is for the transmit mode of operation, and unity
power is incident on feed horn A as shown in Figure IV.7. The
calculation is performed in two steps: (a) ficld at reflector due to

feed array, (b) ficld at pickup array duce to field on reflector,

(a) Computation of I'icld on Reflector
The reflector is divided into small segments of Tength d,.
The power received by any of these segments is given by:

2 5
P, = g,P.

2 i

in which l‘i is the incident power on feed horn, and is equal to 1.
gq 18 the transmission cocfficient from feed horn to a

small segment of reflector.
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The determination of transmission coefficient is shown in

Appendix B (cquation B-12), It is given below:

’
—_ o
ro
=
=)
=

in which
dl is feed element spacing
d, is spacing of sample points on reflector
Sf(»‘-{) is active power clement pattern of feed horn

S (:-r) is active power element pattern of a segmeit of

[ SCR S

reflector and is equal to cos 60 and Rl" is the

distance between feed horn and the reflector 1.
The ficld on the reflector is given by:

-j27R

5 12
I‘l ef ~ l.? s
E_. = S Syeye 12 (4-3)
“ref I e '
(b) Computation of ficld on aperture of pickup array.,

[n this case, the contribution from each segment of the

reflector is computed and then sunr+ied to obtain the total ficld

at the aperture,  Following the same procedure as part (a), the

ficld at any clement in the pickup array is given as:

iy

P 111

scgments




i mn 1!
| T i
lector.
¢ patter: 3 ) 818
Y l 1 ) Y Yk ) - v*; 1 I\ - T
I
element pattern of the feed horn S, (8,) possesses more
dircctive patterns than the cosine tunction because of the large

spacing. An empirical formula has been developed for .\lr ‘1.)
in Appendix C. Essentially, it still assumes the cosine function

over the scan range without grating lobes, and assumes faster

rolloff outside this range.

Numerical Results of a Multiple Beam Overlapping Subarray
Antenna Design (Multiple Beamforming Matrix Comprised of
Stacked Pillboxcs).

Based on the design data in Figures IV, 3, IV.4, and IV, 5,
an antenna design has been worked out to vield 19 beamwidth and
3 dB crossover between beams, The circular pillbox for this
antenna design is shown in Figure IV, 8, The design parameters
arc indicated in the figure. Por this design, the analytical
formula as derived in the last section, was used to compute the

aperture distributions on the pickup array, The amplitude

31
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distributions as a function of scan are shown in Figure I\ .9, and
the phase distributions as a function of scasn are shown in Figure IV, 10.
'he amplitude distribution is almost uniform for all scan angles;

therefore, the close-in sidelobes are in the -14 dB level. Because

¢ amplitude distribution rolls off sharply outside the pickup

irray aperture, the spillover and upling n cach

pillbox is only .57 dB. Because the multiple beamforming matrix
AT S f v e i >f pillbox : Vorrarlo Vel Ty (e | P
MISISTS O two séts of pulboxes in cascade, the combined loss fo

the multiple beamforming matrix is 1.14 ¢

mutual coupling loss can be identified as beam coupling loss as
1§

il be discussed further later on. Stein” has computed the beam
upling loss of beam antenna hi miform distri-
ition i d for all beams, He uted a val F 1,25 dB
144_' 5 1 t Of Stei paper) Ior Crossovel | Lo d
t [ 1 he pha rroil CES perture 1s vel
111 [ t 1 btained by rav tracing
)TEe f ld pattern re computed from the apert
t ure 1V, 11, In general, sidel
1 ! l 1 ’ XPpeC d fo
ti I
ar oupling L« s and Its Dependence on Crossover Level

\n exceellent discussion of beam coupling in multiple beam antennas has

ween published by Stein, He defined the term, “radiation « fficicney™ as the

fraction

'EI\'

k h

ot power radiated from the feed. Radiation efficicency is denoted by

cing the index of the multiple beam, 1 - \g ~ represents the power loss
N

the input terminal to the kth beam, We may identify this term as
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"beam coupling loss, " l’l\" Thus, for unity input power at the feed horn, the

radiated power from the antenna aperturce is given as the portion of power
contained within the illumination angle, The balance is accountable by power

contained outside the illumination angle identifiable as "spillover loss'™ and

coupling from the feed array element to other radiating clements within the
array, which is identifiable as "mutual coupling loss. " In the above view-

point, beam coupling loss is the sum of spillover and mutual coupling losses for

the stacked pillbox multiple beam antenna.
The power per unit arc length radiated by the feed horn into frec space
as distance R from the feed is G(28)/(27R). The total radiated power contained

within illumination anglc 2%, is

1 2
P - — G(g)da =g (4-5)

G(2) is the gain function of the feed arrav element,
The gain function of feed array clement is given as
2nd
1

G(e) = S S7(r)

The gain function and the active clement pattern S(2) are discussed in Appendix B

and Appendix C, respectively, Substitute ((8) into equation (4-6), we obtain the

following:

d1

*

9
= H"(-‘.) da (4-6)

P

The above equation is rather instructive. If we assume that the feed array

and S(#) arce known, reducing the

clement spacing has been selected so that dJ
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illumination half anglce - would reduce the radiation efficiency (12. This obser-
vation is obvious from the standpoint of spillover loss as small illumination
angle tends to increasce the spillover loss of reflector antennas,  The illumination
angle is a monotonic function of ([):;/21{2); thus, increasing R2 after the feed
clement spacing is fixed means increasing spillover loss and reduced radiation
cfficiency. By going through similar line of argument, it can also be concluded

that increasing the feed clement spacing d, after the circular reflector radius

1

R, is fixed would tend to reducce spillover loss and increase radiation cfficiency,

For the design in the last section, the beam coupling loss was determined to be
1.14 dB for a 1° beamwidth antenna with 3 dB crossover between the adjacent
becams. Designs in which other feed element spacing is used so that crossover
level other than 3 dB is obtained have also been worked out,  The beam separation
of these designs is given in Figure IV, 12.a, The beam coupling loss is given

in Figure IV, 12.b., The effect on beam coupling loss due to crossover level is
summarized in Figure IV, 12,c. It is rather remarkable that beam coupling loss
depends principally on beam crossover, but not on feed clement spacing of

pickup aperture size,

E. Mcthod of Providing Amplitude Taper

When the feed array element spacing and circular reflector radius were
sclected to yield a 2 to 4 dB crossover level between beams, the amplitude
distribution for cach beam was almost uniform, The associated sidelobe Tevel
is about 14 dB. It is obvious that a means to increase the amplitude taper is

required to yield a sidelobe level in the order of 20 dB or below.  Three methods

arc discussed below:
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Resistive Tapering

The first method is to use attenuators at the outputs of the pickup

aperture, Complete amplitude control is achicved with this method; however, the

extra loss incurred is very high as shown by Table 4,1,

TABLE 4.1 — ADDITIONAL LOSS IN ANTENNA GAIN
DUE TO RESISTIVE TAPERING

Additional lLoss in
Sidelobe Level Resistive Loss for Antenna Cain
(Taylor Distribution) Once Level of Pillbox (2 Levels of Pillbox)

14 dB 0 dB 0 dB
20 2.1 4.2
25 2.7 5.4
30 3.1 6.2

This additional loss is superimposed on the beam coupling loss as
given in the above table.  For 25 dB sidelobe design in both plancs, and about
3 dB crossover level, the total beam coupling loss is 6,5 dB, The spillover
and mutual coupling loss is L. 1 dB and the resistive tapering loss 18 5,4 dB.
- . . N 2 . ' . . 1
Stein has computed the beam coupling loss for the (1-17) distribution in which
the first sidelobe is 24,6 dB. He obtained a beam coupling loss valuc of 3.2 dB

for 3 dB crossover level, It is quite clear that resistive tapering is not an

optimum method of achicving the desired sidelobe control,

Block Feceding

The scecond method is to use a block feeding technique in which two or
morec feed array clements are excited together. As shown previously, a typical
feed array clement produces nearly uniform distribution at the pickup aperture

with a feed scan angle a The adjacent element produces a similar amplitude

1

40




distribution and feed scan angle (8; + S). S denotes the separation between
adjacent beams, When these two clements are excited simultancously, the
resulting amplitude distribution is approximately a cosine function and the
combined feed scan angle is (fl +5/2), Figures IV,13 and IV, 14 show two
examples of the taper achieved by block feeding. In Figure IV, 13, the beam
separation before block feeding is equal to one beamwidth of the single
clement case. The edge taper in the amplitude distribution curve shown in
Figurc IV. 13 is almost cqual to the 30 dB Taylor distribution. The computed
far ficld patterns shown in Figure [V, 15 for this case indicate sidelobe levels

ad) )

of about -22 dB, Figure IV.14 shows the amplitude taper for the case with 1,23

beamwidths beam sceparation,
\ Str ¢r amplitude taper is produced in this case, The amplitude
distribution curve is below the 30 dB Taylor distribution; however, the sidelobe
\ maing at ab -22 L lack of precise control on the shape

i plit ¢ uti le
oasination of Buck Veeding snd Resistive Tapering
he third method of amplitud ontrol i= to use a2 combination of block
feeding and resistive rapering, Refer to Figures TV, 13 and IV. 14, The amplitude
per at the edges due to hlock feeding is quite adequate, yet low sidelobe levels
re not prodi ced because of the shape of the amplitude distribution. When these

umplitude distributions are compared with the Taylor distributions, the
difference between them is not great, Thus, it is permissible to trim the block -
fud amplitude distributions by resistive tapering to produce a low sidelobe design
ithout incurring large losses, The attenuator loss incurred in modifying the
umplitude distribution in Figure IV, 13 to a 30 dB Taylor is about 1.4 dB as

ompared to 0,2 dB when only resistive tapering is applied. In addition, the

11
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loss component duce to spillover and mutual coupling has also been virtually
climinated by block feeding., The far field patterns of this design have been

computed and shown in Figure IV, 16, .

Crossover Level Between Beams when Block Feeding is Use

The beam crossover level and the beam coupling loss are dependent
on the manner with which the feed element are fed and selected by the beam
switching matrix, Figure IV, 17 shows three possible ways of feeding. Beam
selection in Figures IV, 17,a and IV, 17.b is identical to the case before block
feeding is applied. Beam switching as indicated in Figure 1IV.17. ¢ may be
incorporated in the beam switching matrix; thercfore, the beam switching matrix
;ivl.\‘ign for Figure IV, 17, ¢ is different from the first two cases, In Figure
IV, 17.a, adjacent horns are block-fed together by a magic-tee, Beam separation
is given by the distance of two feed element spacings. The crossover level is
8 dB. Beam coupling loss is negligible because of the increase of directivity
of the block-fed illumination pattern,

In Figure IV,17.b, each feed horn is connected to two beam ports
through a 3 dB power divider. Beam separation is now given by one feed elemant
spacing, and the crossover level rises to 2 dB,  The beam coupling loss is 3 dB,
which arises from the 3 dB power loss through the power divider,

[n Figure IV, 17.¢, a feed horn may be switched to cither one of the
adjacent two-beam combining hybrids. In one switching position, beam 1 is
generated, If one examines the switching operation in FFigure IV, 17, ¢ closely,
it is apparent that this switching position prevents the formation of beam 2,

In general, selection of one beam prevents formation of the adjacent beams,

The crossover level between beams in Figure [V, 17.c¢ is 2 dB, and

the beam coupling loss attributed to spillover and mutual coupling is negligible.
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It is apparent that high crossover level can be obtained without incurring
large beam coupling loss in this block feeding approach.

An attempt was made to reduce the crossover level by increasing the
feed array ¢lement spacing, It should be noted that crossover levels of 2 to
4 dB can be obtained for the single feed horn case by means of varying element
spacing (se¢ Figurce IV,12,a. This attempt was unsuccessful for the block
feeding case because the crossover level remains at 2 dB when element spacing
is increased to 0.72A. The limitation on crossover level due to this method of
block feeding can be explained by referring to Figure IV.18, in which the
aperture distributions are shown for element spacings of 0.52A, 0.59A and
0.72Xx. The angular separation between adjacent beams has increased when
the feed element spacing is increased from 0.52) to 0.72; however, there is
a corresponding increase in beamwidth duc to the increase in amplitude tapering
for the larger element spacing. Apparently, the broadening in heamwidth
cancels out the increase in beam separation so that the crossover level remains
virtually unaffected.

)

It is possible to obtain crossover levels of less than 2 dB by employing
three elements for each block-fed group as shown in Figure IV.19. The
amplitude weighting applied to the three-element block can be varied to control
the aperture distribution. The radiation patterns of a design with amplitude
ighting coefficient of (0,25, 1.00, 0.25) have been computed and shown in
Figure IV, 20, The crossover level is 2.7 dB, and the sidelobe level is -28 dB.
Other amplitude weightings were also investigated, and the results on crossover
and sidelobe level are shown in Table 4.2, It can be observed that crossover

levels of 1,7 to 3.4 dB can be obtained readily, The higher crossover levels

are accompanied by higher sidelobes so that resistive tapering may be
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employed for additional sidclobe suppression, The disadvantage in the tha
element block feeding design is the added complexity in the power divider, an
the doubling the number of required feeding elements in each pillbox. Ar
alternative scheme of providing block feeding in the beam switching matris
also available. This will be discussed further in later sections when the b

switching matrix design is discusse

‘ABLE 4.1 — SUMMARY OF CROSSOVER AND SIDELOBE LEVEL IOl
THREE -HORN BLOCK FEEDIN!

| ; Amplitudc |Beam Crossover|
Case Beam Spacing | Weighting ! Leve Sidelobe Level
: =
I i i e
f |
1 | 1153 ) S O T 33 di
{ {
9 | o ‘ € 1 9 2 7 di 2 3
2 I 1 { 29 L. . .25 ! 2.7 dB 28 dB
| | {
3 o & ’ S { ¥ A ‘
‘ ’ ! | .20,1.,.2 3.0 dB 26 dl
i , | |
4 1, e { SIS LS s 3.4 4P 2 22 dl
| tr 4
| 1

(no resistive taper applied

Pillbox Design for the Above Data

ke Radiating aperture = 30 x 2,004\ = 61,92}

2, Pillbox radius: R, = 18.5), R, = 9,75A

3 Pickup aperture = 16,5\

4. Maximum scan angle in the pillbox = 36° (for 9 beam)

- ’ =0 . o s
Scan angle = 31.5" for 8 beam in space

. 3 () i
5 I'he horns are spaced so that their beams are 17 apart in space




'8 ALTERNATE MULTIPLE BEAMEFORMING MATRIX (CONSTRAINED LENS)

A, Description of the Multiple Beam Constrained Lens

It is well known that reflector antennas can be scanned by a physical
displacement of the feed., In the case of a spherical reflector, spherical
aberration phasce error exists for all scan angles,  lowcever, the scannable
range is quite large, When many feed horns arce located in front of the
reflector to form multiple beams, they cause aperturc blockage, In gencral,
this problem is a severe limiting factor when the number of feed horns is
large as in a typical multiple beam antenna design,

A simple solution to the aperture blockage problem is the offsetting of
the feed with respect to the reflector,  Other solutions to this blockage problem
have been developed by Hughes Aireraft Company in the HIHAT ;ml’«cnnn4 and
the multiple beam constrained h-n.«,s In the HIEAT antenna, as shown in
Figure V.1, the array of feed horns is made transparent by the application of
dual circular polarization in a duplexing arrav, In this duplexing array one
sense of circeular rolavization is used for transmission to the reflector and the
orthogonal sense is used to receive the reflected wavefront from the reflector.
The receive signals are transmitted to a transfer array lor re-radiating into
space, In the multiple beam constrained lens which is really a devivative of
the HIHAT Lens (as shown in Figure V. 2), the blockage problem is avoided by
replacing the spherical reflector by means of two spherical array surfaces with
cqual interconnecting cables.  In this manner, both devices can be used as
mudtiple beam matrices,

The multiple becam constrained lens as utilized in the present application

is shown in Iligure V, 3. Essentially, it replaces the two sets of stacked pillboxes,
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It shares the wideband characteristics of the stacked pillbox design in that the
beams do not scan with frequency. It has the apparent advantage of requiring
fewer components; however, the requirement of interconnecting cables between

the two spherical arrays represents a rather significant disadvantage.,

B. Optimal Selection of Lens Parameters

The design consideration of lens optics is parallel to that of the stacked
pillbox. In fact, the phase error distribution of the spherical lens is identical
to that of the pillbox when the proper equivalence is made on the distance

variable, Thus, the selection of R R2, and l),; (sce Figure V., 2) follows the

1’
design data in Figures IV, 3, IV.4, IV.5, and IV.6. As shown previously, the
crossover level can be adjusted by either variation of feed horn spacing or the
aperture diameter over spherical radius ratio. This procedure has been
followed and some sample cases have been studied. In Figures V.4, V.5, and
V.6, the radiation patterns for crossover levels of 2,2 dB, 3.0 dB, and 4.0 dB,
respectively, are shown, The sidelobe level for all cases is about -14 dB;
therefore, additional sidelobe suppression by means of block feeding on resistive
tapering is also required. The dependence of beam coupling loss on crossover
level is shown in Figure V.7, Comparison is madce between this design and other
possible designs such as the Butler matrix and the design employing stacked
pillboxes., The result as obtained by Stc'm3 is also included for comparison,

It can be observed from Figure V., 7 that all curves with the exception of the

casc of the spherical constrained lens are very close together, which indicates
that the Butler matrix and stacked pillboxes under optimum circuit matching
conditions arc close to perfect multiple beamforming devices. The spherical

lens actually is also close to the same condition. The increase in beam
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FIGURE V.6 — FAR FIELD PATTERN OF ARRAY WITH SPHERICA L

LENS BEAMFORMER
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coupling loss of approximately 0.4 dB for the spherical lens arises at least

in part from the fact that the aperture distribution generated by the spherical
lens possesses slightly stronger taper in the diagonal cuts through the aperture,
This cffect manifests in the low sidelobes for this case, This fact can be

observed by comparing Figure V.4 to IV, 11,

C. \Mcthods of Providing Sidelobe Control

Sidelobe suppression by means of block feeding and resistive tapering
can be applied in the same manner as discussed in Section IV, E, It is

expected that similar tradeoff in system complexity and antenna cfficiency also

applics in the present case.,
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An alternate method of sclecting two simultancous receive beams is
shown in Figure VI,1,c., In this design, the N inputs are divided into m groups
of n beam positions per group (mn = N),  The first lm‘"cl of switching contains
m switching trees with n-1 SPDT switches in each tree. This level selects
onc beam position for each group of n inputs resulting in m outputs from this
switching level, The second level of switching selects one of the two recceiver
switching trees for cach of the m leads, and the third level of switching selects
one of the m beam positions for cach of the two simultancous receive beams,
The second and third levels of switching are entirely analogous to the selection
method of Figure VI 1.b, with the exception that the input has m leads instead
of the N leads of Figurce VI, 1.b. The number of SPDT switches required for
selecting two simultancous receive beams using the grouping method of Figure
VL.1.cis N{1 + @/n)} - 2. This requirement is nearly one-third the number
of switches required for the matrix of Figure VI, 1.b depending on the number
of beams in each group, n. The reduction in required number of switches can
be attributed to a reduced flexibility of the selection operation.,  The matrix
of Figure VL. 1.b has the capability of selecting the two receive beams in a
completely independent manner while the matrix of Figure VIL1.c is
restricted to sclecting the two beams in different groups. It can be scen that
the larger the group (an increase of n), the less flexibility because of the
increase in number of beams excluded from simultancous sclcction,

The two-beam selection matrix presented in Figure VI 1, ¢ can be
extended to select S simultancous receive beams, The matrix design which
accomplishes this is shown in Figure VI, 1.d. As in the two-beam matrix,
the first level of S beam matrix sclects m beam positions from the total N
inputs by selecting a single beam from cach of the m groups of n inputs per

group. Referring to Figure VI, 1.d, the second level of the matrix sclects onc

05
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1a0C31 OCICT UL Liic o L liss
the matrix., With this matrix design, the sccond and third levels of swi

allow any one of the m first level outnurs to be routed to any one of the S outpus

lines. The number of switching junctions required for this design whict
selects S simultaneous independent receive beams can be shown to be t
following:
Sl
Number of SPDT switches = N </1 } "—‘4."—1); - S (6-1

where,

7

total number of receive beams available at the antenna output
terminals

n = number of receive beams per group

S = number of simultaneous selected receive beams at the matrix

output,

B Beam Switching Matrix Design for Block Feeding

The design concept for the beam switching matrix without block feeding

can be extended to the case of block feeding by the steps below:

% Subdivide the feed element locations into similar blocks of
elements as shown in Figures VI.2.a, VI.2.b, and VI.2.c.
Three examples are shown: the four-clement group, the nine-

clement group, and the five-element group.

2, An element in a specific position within the block can be
assigned to a set formed by other elements in the same position
within the block, Thus, all elements in the upper left-hand corner
of the four-clement block form Sct A, and all clements in the upper

right hand corner of the four-clement block form Set B, and so on,
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Feed elements in each sct such as Set A are selected by a sub-
matrix to form S simultancous individual beams (sce Figurce

VI, 2.d).

An individual beam from cach submatrix is combincd with other
individual beams from other submatrices in a corporate feed to
form the required block -fed beam (see Figure VI.2.d). The
design of the submatrices is identical to the design of the
switching matrix in Figure VLL1.d. It is noted, however, that the
total number of leads to cach submatrix is reduced by a factor
cqual to the number of submatrices, or the number of feed
clements in cach block, In the casc of the four-clement group

as shown in Figure VI.2.d, the total number of leads to cach

submatrix is N1/4. For k clement block, the number is .\1 ot

It is also possible to reduce the required number of switches

by trading off some flexibility in beam selection. We can form
groups of n block=fed beams, IFeed elements of Set A which arc
required to form cach group of n block -fed beams are selected
by the first level of submatrix A as shown in Figure VI, 3. I'ced
clement set B and others are selected in the same manner, It is
important to note that the number of branches in each first level
matrix is now n, which is equal to n/k. Other portions of the
submatrix design are similar to the switching matrix of l'igure
VI.1.d.

The submatrices actually provide ks simultancous beams, Any

combinations of individual beams can be sclected though only

some of these are useful, In Figure VIL2.a, Beam 1 is formed
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by selecting the individual Beams A, B, D, and C and Beam 2 is
formed by selecting B, A, C, and D. The orientation of the
individual beams with respect to each other is important in the event
that unequal weighting is applied in the corporate feed. Ior the
four element block, equal weighting is applied so that the orientation
of the individual beams is not important. [For the nine-clement
block, unequal weighting is used so that the orientation of the
individual beams is very important., FFor example, refer to

Figure VI.2.b, Beam 1 is formed with individual beam E in the
middle, and A, B, ¢, F, J. H. G, and D, counting from the upper
left hand corner in a clockwise fashion. Beam 2 is formed with
individual beam ] in the middle, and E, F, D, G, A, C, Band H
also counting from the upper left-hand corner clockwise, In
order to provide the proper weighting to the individual beams, the
sequence in Beam 2 must be rearranged to the same sequence as
for Becam 1, the amplitude selection matrix as shown in Figure

VI. 3 is used to accomplish this function. As a result, both the
four -clement block and the nine-element block can provide beam
separation given by the individual beams, It is obvious from
examination of Figure VI, 2, ¢ that the beam switching matrix for
the five-element block can be designed in the same manner.

The number of switching junctions required for the submatrices can
be determined as follows:

Number of SPDT switches (submatrices) =

||rg

N, L3

e o i
L] 1.\-1)‘ - ks (6-2)

=




< is the number of elemen hloc
N 1} 1} Y
1 ne tal 1 [ m
mbes miul
g lele indivi ¢
in each submatrix
It is important to note that the total number ol available block-

fed beams is less than the total number of individuc

of block -fed receive beams in each gro s equal

to kn. The number of switching junctions required for the
amplitude selection matrices is given below:
Number of SPDT switches (amplitude seclection) =

2k(k-1) (6-3)

& Alternate Beam Switching Matrix Design for Block Feeding

There exist many ways of designing the beam switching matrix to allow
block feeding., In Figures VI,2 and VI, 3, a method is shown in which individual
beams are selected before combining in a corporate feed. In some cases, it
is advantageous to form the block-fed beam before selection in the beam switching
matrix. A straightforward approach of achieving this is shown in Figurc VI. 4,
in which the block feeding scheme of Figure IV.17.c is incorporated into the
beam switching matrix of Figure VI.1,c. It is obvious that in addition to the
exclusion of simultancous beams within the same group, this device also

excludes the adjacent beams of a particular selected beam. However, if the

beam positions within cach group are contiguous, the added exclusion of

adjacent beams does not reduce the beam selection flexibility significantly.
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LEven though Figure VIL 4 shows block feeding of 2 x 2 ¢lements, closce
examination of Figure VI, 4 reveals that the same technique is also applicable
to block size other than 2 x 2. The number of SPDT switches required for this
design which selects S simultancous independent recceive beams arce increased
by 2N, in which N is the total number of receive beams (block -fed beams) at
the antenna output terminals,

Number of SPDT Switches = N3 + 2/n (S-1)4 - S (0-4)

[n certain cases, this alternate design results in reduction of the number of
switching junctions, but it also requires the reccive signal to traverse more

levels of switching junction so that the inscertion loss is higher,

D, Fypical Examples of Beam Switching Matrix

The design techniques for the beam switching matrix as discussed
. p O o > 3 5
in the last sections arce used for the 1 x 1T beam antenna with 3 dB crossover

. ! . s = < 5 Q O
between adjacent beams,  The bearn position diagram for the 17 x 17 beam
5 O 2 3 ¢ 5 g =

antenna with 87 half angle conical coverage is shown in Figure VIS5, The
complexity of the beam switching matrix is proportional to the number of single
polc double throw (SPDT) junctions, Certain beam exclusion was assumed to
reduce the number of SPDT junctions, In a specific example as shown in
Figure V1,0, the beam position diagram is divided into 13 groups with 16 beams
in cach group. The number of single pole double throw (SPDT) junctions
required as given by cquation (6-1) is 382, This switch matrix will allow 8
simultancous beams to be sclected from 8 of the 13 groups,  lHowever, for
cach beam, 15 positions within the same group are excluded for othicr
simultancous beams, Other grouping of the beam positions is also possible,

I gencral, the required number of SPDT junctions is reduced whon

the number of excluded beams increasces as shown by the family of curves in
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Figurce VI 7 with the number of simultancous beams (5) as a paramdter, It can
be observaed that the requived number of SPDT junctions is greatly reduced when
mor< beam position exclusions arce permitted,  For example, in the case of

S simultancous beams, without exclusion, 3112 SPDT junctions arc required,
[his number reduces the 382 when 15 beam positions are excluded for cach
beam.  Grouping for 32 simultancous beams is shown in Figure VIS, The
grouping configuration is rather arbitrary and can be designed to reduce the
effect of beam exclusions.  For cach conbination of simultancous beams and
beam cxclusions, the beam switching matrix design remains the same for all
grouping configurations. The discussion in this section so far is also applicable
for block feeding with the exception of the required number of SPDT switches.
Consider the four - clement bloek feeding design in which the beam switching
matrix of Figure VL 2.d is used. For 8 simultancous beams with 15 beam
exclusion, the number of switches is now 1120 as compared to 382 in the absence
of block feeding, When the alternate beam switching matrix of Figure VI, 4

is used, the required number of switches is 798, Other cases are presented in
Table VI, 1. In all casces, block feeding increases the number of switching
junctions requirad,

E. Estimated Losses in the Beam Switching Matrix

i

[he insertion loss ot the beam switching matrix is dependent on the
following factors:
ke I'he total number of beam positions,

Number of simultancous beams,

3. I'he number of beam exclusions.
4, Length of interconnecting cables,
5. Switch design,

/10
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E VI.1 — COMPARISON OF REQUIRED SW i \ NS WITH
AND WITHOUT BLOCH I EIDIENC
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[t ou I ] T 3 Without
53¢ ) Beamforming) Block Feeding

O 15 1120 798 3182
32 ) 16000 3816 3400
8 ( 3808 3528 3LT2

eamss are excluded when block feeding is applied.




As a rule of thumb, the insertion loss of the switching matrix is
proportional to the number of SPDT junctions which the signal is transmitted
through., The number of SPDT junctions in cascade is dependent more on the
roquired number of beam positions but 1ess on the number of simultancous beams
or the number of exclusions as indicated below:

Total Number of Beam Positions = 208

Number of SPDT

S Number of Exclusion Junction in Cascadc
1 0 8

8 25 to 0 11 to 12

Lo 12 to 0 12 to 13

32 1o 0 13 to 14

64 3to 0 14 to 15

A large number of simultancous beams in general increases the total
linc lengths of interconnecting cables required to connect the successive levels
of switching trees, Referring to the schematic diagram in Figure VILY, the
cables connecting the second and the third levels must crisscross cach others
thus they are relatively longer than other cables within the switching matrix,

Sample loss calculations on the switching matrix have been made,  This
switching matrix utilizes an X-band micromin switch built previously at Hughes
Aircraft Company and . 141" semi-rigid cables, It is also necessary to
estimate the length of the cables from the schematic diagram in Figure VI 9,
The estimated loss is in excess of 6 dB for all cases, Since inscertion loss of
this magnitude is not allowable in general, amplification may be required to

circumvent loss in antenna gain duce to this inscertion loss component.
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VIL. SAMPLE MULTIPLE BEAM ANTENNA DESIGNS

Based on the analytical results obtained, two designs which meet the
design specification in Section [ have been worked out in detail, Desion A
employs single horn for each beam; thus, the sidelobe is only -13 dB. Th
radiation patterns for this design arc shown in Figure IV, 11, A scaled
drawing of this design is shown in Figure VIL 1 to indicate the overall size
of the antenna system.  Physical dimensions and paramecters of the over] Lppit
subarray, multiple beamforming matrix, and beam switching matrix are
tabulated in Table VIL.1. Two possible designs of the beam switching mat ris
arc given: once with 8 independent beams, and the other with 16 independent
beams, It is to be expected that the S-beam design requires fewer components
Desicn B employs block feeding and resistive tapering to provide -30 db sidc-
lobe design, Two feed elements are driven in cach of the stacked pillboxcs
so that the beam switching matrix of Figure VI,21.d is required. The radiation
patterns in this case are shown in Figure IV, 16, It can be scen that morc
components are required to provide an 8§ independent beam design as compared

to the Design A,




FABLE VIL. 1 — CHARACTERISTICS OF SAMPLE MULTIPLE BEAM ANTENNA
(DESIGN A, 13:dBSL)

GENERAL

Beamwidth i
Scan Angle 8% half angle conc
Grating Lobe <20 dB
Sidelobe -13 dB (sce Figure IV, 11)
Frequency 9500 MHz
A 1.240"
O
Overall Size 50A x 50\ x 48X or s

62" % 62" x 59.5" (see Figure VIL 1)

OVERLAPPING SUBARRAY

Element Spacing 0.52X
Subarray Spacing 2.08X
Number of Elements per Subarray 8

Number of Subarray Modules

per Linear Array 25

Number of Overlapping
Subarray PLA 24 |
Total Number of Overlapping '
Subarrays in the Entire Two |
Dimensional Arrays 576

Subarray Amplitude 0, 1875, 0,400, 0,600, 0.8125, .8125, |

. 000, .400, .1875

Total Number of Subarray Modules L2
First Level = 2500

Scceond Level = 625

alloff in Subarray Factor at
89 Scan 3.0 dB




e —————————————

TABLE VIL 1 (continucd)

MULTIPLE BEAMEFORMING MATRIX (STACKED PILLBOXES)

Sizc of Unfolded Pillbox I5A x 25.5A
Size of Folded Pillbox 10X x 25.5A
Numbcr of Input Terminals 1o

Number of Output Terminals 24
Apcerture Width of Pillbox 1.3, 3
Radius of Circular Reflector 157\

Radius of Feed Array SA

Element Spacing of Feed Array 0.52)
Chord Length of Reflector 2NN
Number of Pillboxes 40

First Level = 24
sccond Level = 16

Overall Depth of Multiple

Beam Matrix (est,) 23\
Number of Beam Positions

Availablc 250
Beam Position Lattice Square
Number of Beam Positions with

the 89 Half Angle Cone 208
Crossover Level Between Beams 3dB
Beam Coupling Loss 1.2 dB
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TABLE VII, 1 (continued)
BEAM SWITCHING MATRIX

Design Al
(Sce Figure VI, 25)

Design A2
(See Figure VI, 27)

No. of Independent Beams

No. of Beam Positions
in a Group”®

No. of SP/167T Switches
No. of SP/8T Switches
No. of SP/13T Switches

Total No. of SP/DT Switches
for the Entire Switch Matrix

Estimated Insertion Loss
ol BSM

382

6.0 dB

No. of Independent Beams

No. of Beam Positions
in a Group

. of SP/7T Switches

No. of SP/16T Switches

No, of SP/32T Switches
Total No. of SP/DT Switches

for the Entire Switching
Matrix

1o

1168

“The number of unavailable beam positions after a beam is sclected is given
by the number of beam positions in a group minus one,
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TABLE VIIL. 2 — CHARACTERISTICS OF SAMPLE MULTIPLI

(Design B, -30 dB SL Obtained by Block Feeding and Resistive Tapering)

GENERAL
Beamwidth
Scan Angle
Grating Lobc
Sidelobe
Frequency

\

[6)

Overall Size

OVERLAPPING SUBARRAY
Element Spacing

Subarray Spacing

Number of Elements per Subarray

Number of Subarray Modulces per
Lincar Array

Numbcer of Overlapping Subarray
PRy

Total Numbcr of Overlapping
Subarrays in the Entire Two
Dimcensional Arrays

Subarray Amplitude

Total Number of Subarray Modules
FFirst Level = 3844
Sceond Level = 961

I‘all -off in Subarray Factor at
89 Scan

[9)

L
Q .

S~ half anglc cone

<20 dB

-30 dB (sce Figure IV, 106)
9500 MHz

1.240"

62X x 62\ x 55X or
76.9" x 76.9" x 68"

31

3()

900

0. 1875, 0.400, 0.600, 0,8125,
. 600, .400, .1875

4805

3.0 dB

81255

BEAM ANTENNA




TABLE VIL, 2 (continucd)

MULTIPLE BEAMEFORMING MATRIX (STACKED PILLBOXES)

Size of Unfolded Pillbox
Size of Folded Pillbox
Number of Input Terminals
Number of Output Terminals
Aperture Width of Pillbox
Radius of Circular Reflector
Radius of I'ced Array
Element Spacing of Feed Array
Chord Length of Reflector
Number of Pillboxes
First Level = 30
Second Level = 20

Ovcerall Depth of Multiple
Beam Matrix (List,)

Numbcr of Becam Positions Available

Beam Position Lattice

Number of Beam Positions
with the §° Half Angle Cone

Crossover Level Between Beams

Beam Coupling Loss

88

18.5Xx x 31.4A

12, 3A x 31.4A

28\
400

Square

1.4 dB (principally duc to ohmic loss)




TABLE VIL, 2 (continucd)

BEAM SWITCHING MATRIX

Design Bl

Design B2

Number of Independent
Beams

Number of beam positions
in a group

Numbcer of SP/18T Switches
Number of SP/8T Switches
Number of SP/18T Switches
Number of SP/DT Switches
Total Number of SP/DT
Switches for the Entire
Switch Matrix

Estimated Insertion Loss
of BSM

648

1216

6.0 dBb

Number of Independent
Beams

Numbcr of Beam Positions
in a Group

Number of SP/7T Switches
Number of SP/167T Switches
Number of SP/18T Switches
Number of SP/D'T Switches
Total Number of SP/DT
Switches for the Entire
Switching Matrix

Estimated Insertion Loss
of BSM

16

18

18

16

648

1496

6.0 dB

The number of unavailable beam positions after a beam is selected is given
by number of beam positions in a group minus one,
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VIH,

CONCLUSIONS AND DISCUSSIONS

Bascd on the analytical study results obtained in this program, the

following conclusions can be drawn:

The desceribed antenna technique can generate a large number of

qO

simultancous independent beams over an 8 half angle cone,

\ O 3 - . 3 o
For a 17 beam antenna, the size of the multiple beam matrix is about

900 (30 x 30) instcad of the usual 10, 000 (100 x 100).

The overlapping subarray technique suppresses the grating lobe to

better than -20 dB, and its validity has been verified experimentally,

Stacked pillboxes can be employed to form the multiple beam matrix

; : 0
with phase aberration less than 107,

Closce-in sidelobes can be controlled to -30 dB by micans of block

feeding and resistive tapering.

The design of the beam switching matrix to obtain 8 simultancous
independent beams is relatively simple.  The switching network
complexity grows when the required number of independent beams is

large, or when the number of block feed horns is larger than four,

The recommended design to mecet specific requirements of sidelobe

and crossover level is tabulated in Table VIII, 1. Block feeding is

required for all low sidelobe designs,
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Crossover Level

3 dB
2 dB

2 dB

3dB

Sidelobe

13dB
20-25 dB
30 dB

30 dB

91

TABLE VIII.1 — SUMMARY OF RECOMMENDED DESIGNS,

Recommended Design

Single Beam
Four Horn Block Feeding

IFour Horn Block Feeding
and Resistive Tapering

Ninc¢ Horn Block FFeeding




IX. APPENDICES
APPENDIX A

Ie Determination of Amplitude Weighting Cocfficients and Definition of
F'eod Network to Mect Specific Requirements of Scan Coverage and
Grating Lobc Suppression

Based on the network diagram in igure A, 1, it is required to define
the coupling networks to mect specific requirements of scan coverage and
grating lobe suppression, In addition, the subarray amplitude weighting
coefficients, l'i, arce to be determined, It is observed that the complete network
comprisces of 1:3 power dividers and 3:3 lossless multiple beam matrices,
Idealized lossless couplers are presumed.  Only svmmetrical subarray
amplitude distributions arc of interest here for obvious reasons. To control
the scan coverage, two nulls will be placed on the boundarics of the grating
lobe region over the scan range,  The problem will be solved in two steps:
the constraints on the subarray amplitudes will be determined in the first step,
and the effect on the subarray pattern will be studicd in the next step to vield
complete definition of the feed network to mecet specific requirements on scan
coverage and grating lobes.

A Constraints on the Subarray Amplitudes by the Feed Network

in Figurc A

Refer to circuit diagram in Figure A, I, we can write out the
following nctwork cquations:

IFor input from R terminal:

1'2 = {cos 1 cos “y tjsin i cos (jsin c:;) 5 R

f, = (cos 31 Cos ‘r,; - sin :11 cos sin &,;) R (A-1)
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f.,; = lcos A'l sin "‘,;(-j) + jsin q cos az(-j) Ccos ::3} R

f, =(cos @, sinda +sinal cos @, cos ) R
D

1 ) s 3

fy = (sind jsin)R

T

= (jsin 1 jsin ‘-Z)R

14 = (-sin :1 sin ‘:Z)R

IFor input from L terminal:

1'2 = (cos '?2) L
f‘,; = (sin &2 cos &3) I&
I+ (-sin %,y sin 73) L

For input from C terminal:

f. = (-cos@, cos@, sin®, - sin®, cos®.)C
3 7 & 1 2 3 y Sesth

f, = (cos cos@. cos@. =-sin® sin@.)C
0 1 2 5 I 3)

f. = (~cosit; sin®.)C

T S

Only symmctrical distribution is allowable for symmectrical
subarray patterns.
R=L
From equations (A-3) and (A-6),

(-sin 1 sin &2) R = (-sin % sin 3.3) I

Substitute cquation (A-11) into (A-1),

‘ 9
fo /= (cnsz"l - \'in2 | COS '2) =] = .\in"fll(l + cos .))

<

.) /'/

(A-2)

(A-3)

(A-4)

(A-5)

(A-6)

(A-10)

(A-11)




Substitute equation (A-11) into (A-2)

f}/R = (cos @, sin® +sind&, cosa,) = cos

1 1 1 sin 7:1 (1+cos&

1 2)

LEliminate 512 between the above two cquations,
fZ/R =1 - tan % f3/R

1 - (f,/R)

tan 3‘.1 = _fé—/f—{‘_ = (R'fg)/f;; (A-12)

Combine equations (A-3) and (A-6),

tan o, = -f4/f,; (A-13)

Combine (A-11), (A-12), and (A-13)

R o4

B

3 3 5

I, R = 1'2-f4 (A-14)

Substitute cquation (A-14) into (A-4)

s 0= £ /=5 ) (A-15)

Combine equations (A-7) and (A -9),

J

=cos 7y S, -+ cos | cos % Sin 7, + sin 2 COs g (0

& bl

From cquation (A-11),

] E 3y

-Cos sing, -+ cos ) in +sinQ, cos 0

1 2 y ST R S
: sin o,
sin @ - o (A-106)
I I cos &,
2
It should be not t hot i id sin %, possess the M
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From cquations (A-8) and (A-11),

% 2
O = ooy S e
f“, C = cos | €O8 Ty sin |

%)
'0/(‘ = (()S-':l (1 +Cos :)) -1

<

Substitute in equations (A-2) and (A-11)

5 I'§/R ‘
> = cos @ —_—] -1
f()/( s 1\ cos by sin 1/

l',;/R
10/(' - \tan Y .

Solve for C,

£, tan o
)
O = ( 1

" b,/R -tanc
h:;,R tdnl

Substitute in R from cquation (A -14)

fo (fp-1y)
I cm& - (fz-f4)

Substitute in tan 1 from equation (A-13)

".()f4”2'f4) 3 f()(f2-1'4)

e e R i
3+ 1,005 ~f,) 24

tA=17)

7 can be computed from cquation (A-16) or from a combination of

cquations (A-11) and (A-13), This redundancy may imply restrictions
on the possible values of fo, fl, =4 and f4. To climinate possible

inconsistancy, we proceed as follows:

1

tan &l -1'4,/f,;

+sin 3'.2/(1 b cos 112)

.\'inﬂl
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cos 12 = 12/(1'2-(4)

Manipulate equation (A-13).

2

o sin Cll i 14
tan~a, = = = [ —
L 1 -s‘inz’i f3
’ 1
5 -
2 (fy/f3) o
sin"a, = - = (A-18a)

1 2

We also manipulate equations (A-15) and (A-16),

2 sinzaz 1 - coszii2
sin 11 = B
(1 + cos &12) (1 + cos "2)
by iy
f.
T (l—f
Ity
2
sin” 7y can be simplified as follows:
o2 . y
sin C!l = -f4/(2f2-f4) (A-18b)

sin &1 can be eliminated from the expressions in cquations

(A-18a) and (A-18b).

f,(26,-1,) 4 2

4 3 4

260, + 5 = 0

f‘.; =4 -Zfo4 (A-19) |
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I il )
e 2 S U R N
1 N (2l =141y LoF, @, 1)
- -
£ = .kl%u 'o .f"fo (A-20)
d by bt
To have positive f, cither f'; or (f,,*f4) are negative.
b Constraints in f to Provide Required Subarray Patterns

So far fl and ff} can be shown to be dependent on f()' 1'2. and
f4. The three independent parameters fo, 1’2, and 1'4 may be selected
to provide the required subarray pattern shape, It is possible to select
them so that at the scan limits, all grating lobes are coincident with

subarray pattern nulls, When this condition is met, thce amplitude

and phasc distribution of the array is that of a uniform planc wave:

ono _‘iUoo
;10 = t.'% (i + 10 == 13 (64 =1 (A-21)
ju -ju JU._ 73
00! . . " 00 00
= y » = a A =29
al fzk 411+i4c (& (A-22)
—j['oo +jl?oo _ono'/:;
=¥ 2 -~ ( » - A <D
a_l lZL +f1*'14t © (A-23)

In the above formula, Ifoo is the incremental phasce between sub-
arrays and l'oo ‘3 is the incremental phase between elements at a scan
angle where all nulls are coincident with grating lobes, This condition
also implies that the gain of the subarray factor is maximum,

fetz=e

=] =
thenz ~ =¢ v 242 I:Zco.«'l' .
00

100




cannot be independently chosen; they must be selected in

accordance with equation (A-19). Either equation (A-16) or (A-19) can
regarded as the equation of constraint imposed by the network,

\dditional constraint on the selection of f's can be derived from

cquations (A-7) or (A-9), 1'1 can be determined from equation (A-9) as

follows:

'l = -(cos % sin )2)(.

7,
cos 1 = VI - .~m""l

Substitute in equation (A-18b),

-f
cos, =4/1 - .
=1 2f-=1
el
IF'rom cquation (A-15),
1"._’
cos O = e———
2 f2-14
] 2 f'.Z 1
sin oy 1 -cos Xy = 1= o

ina L IRERTER
s1in Yy = T)—_': J(ZIJ 14)("|4)

trom cquation (A-17)

ln(fz-u)

Substitute cos 1 sin %,, and C into expression for fl'

L
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Equation (A-23) can be seen to be redundant,

fy +

Resolve the

Define

and

We can rewrite the

+ 2ices b,

e

1_§K T ‘;7—1 »
. 1. 1/8
[2/‘ 147—;.

above two cquations into real and imaginary parts:

=

00 3

sin
sin U

Q0

S 00
COS =

cos U

above cquations as

102

follows:




These equations would assume the coincidence of grating lobes with

subarray pattern nulls at U=U_ .
- 00
Previously, we had derived the equation of orthogonality,

2ty or + -21214

e -
R R IR, & iy
g e (= f45 = (i 1'43

Intuitively, f 3 should be negative for better pattern control. oW

have five equations and five unknowns in 1'0, 1 and {

g e g 4
First, fy can be eliminated by combining cquations (A-26) and

(A-19).

‘5-3L
(
Ve

Secondly, 1'0 can be eliminated from equations (A-20) and (A-27).

12f_} =

b

(A-27)

RS S o (A-28)
V,—— 24
Furthermore, 7'1 can be ¢liminated by substituting "' in equation (A-28)
into cquation (21=25),
2Q

0
S 2
\f’_ Y by H,yt, + U, )7 =5, +1,)
= S (f. +£,)=(f-£)"
J 2°4 e R 274
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: o L ag -
NT R = Sylty +1) - §) (A-29a)

Finally we proceed to eliminate 1'4 by combining cquation (A-29a)

and (A-24),

Squaring cquation (A-29a):

-D0f

MR RIEE T S R
2066, = Sy (fy+1)" + Sy - 28,5, (f, +1)

; e 2 < e e s s e
-2 f2 (12—51):52(2f2-51) + !sl -252&1(112-51)

Collecting terms, we get a quadratic equation in f,,
; U S 2 2
O A2 a2 e B S L
(28 452) t (-2 51 45152 15152)12

; (siZ

2
t 5132)" = ()
2 -
A 12 t Bl?_ +D =0

_ (-B+ VI - 4AD) —
- 2:\ i D

{

o

7
A = 920 e A =3
A =20+ 48, (A=31)
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Summary of Results

Given: UOO, Phasc Shift between subarrays so that grating lobes

coincide with subarray pattern nulls,

: 2
= sec(U_)

00
Uo

.\'1 = sin .'_io- /.\'in(l"oo)
U

S2 = cos 9 /cos (UOO)

= 2
/1\’—‘.2 *4.\2

| Bi= -205, - 4575 §4¢
(B=-2S) - 4815, -45]'S,

[SCRNNY
—

5 9
e
12 (51 ; 5152)

/ £ = (=B VI;’Z--L\D ) /(2A), o= BE= V Bz--l:\l)),/(;!;\)
kf

4~ Iy
Hg=1 =2 cosl_ ¥,
fy=- 260, , o -21,f,
fy = ~foly/(fy 1)
’ C = fy(fy=f /(L +£,)
L=R=f,-f,
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2. Grating Lobe Locations

The grating lobes must be suppressed by the subarray pattern in orde:
to assure low sidelobe operation, To estimate the resultant sidelobe level,
is only nceessary to determine the location of the grating lobes and the value of

the subarray pattern at the grating lobe locations. The grating lobes are

by the following formula:

EPtatn e et
jkDy(sin g _-sin m) o
¢ =1

or

kDv (sin =sin g ) = 2nr
: s n

1

The integer n gives the numbering index of the grating lobe, n=0 gives the main

beam, Solving for &,
S

o n\ S
sineé = — +sina
S Dy m
The relation, k = 2m/A, has been used. The grating lobe locations for scan
O (8] (9]

angles of =87, 07 and 48~ are tabulated in Table A, 1 with element spacing

a paramcter,

;2 Numerical Results
\ series of subarray amplitude distributions were computed from
derived results in the previous sections; furthermore, the far ficld !

patterns were also computed, The first set of subarray patterns as shown i
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TABLE A.1 — GRATING LOBE LOCATIONS @

8, =0 = -,1391 Sipf. =
_ao -Te
€y = -8 by =5
X = X2k n aA sing., 3 siné, 0. sin6. f
Dv S S s S S
- - 3. O - Y, QY ~ ~ ~ - ~0 S - -~ -—-3
Dy = 2.56 1 484 4843 28.96 ’ 20.19% .8235 58.58
= e Yer e A AmnAac - -0 =
2 .9687 . 9687 5.52° .8296 $56.05° 1.1078
= e P ~ - ~Ae- (AP
i . 5145 S ) v 4 22.05 6535 G . S0
\
Uy = 2.41 =
2 1.029 1.029 S0~ .oCc9%
1 . 5486 .5486 33427 4095 2k .17 .B8TT L3 i
Dy = 2.26
¢ 2 1.097 9579 [3.31
Qe () o = ~0) v ~ - 2 . Y . S I
1l .5876 .5876 35.98 L4485 28,8k . T287 Lg.61
By = 2,11
el
), = Yo ~ ~ = ~1 3, ~~ A
: 4575 4575 27.23 «31ch 3.0
Dy = 2.71 5
~ ~N & ed <o) |
2 .915 7759 |
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the progressive phase is U, The

lues of f,,, and those in

ibarray patterns in IFigure A, 2 are for negative va
J

Figure A, 3 arc for positive values of \'_;. The cross hatched areas are angular
cctors which contain the grating lobes, I'rom observation of the subarray
pattern shape, it is apparent that negative values of 1"; are prefcerred over
positive ones, In addition, l'm) cannot exceed 002 if the first sidelobe of the
subarray pattern is to be under -20 dB, In any case, none of the possible casces
can provide grating lobes of -20 dB.
Slight perturbation of amplitude weighting coefficients arc possible
by altering the coupling cocefficients of the 1:3 power divider in the following

manncer:

() ()
£, T Wi
I 1
by " g
Va ls
3 )
i3 14
R "R
| 1
( C

he 3:3 matrix remains unchanged.,

I'he subarray patterns corresponding to l"m 60° for various pertur -
bation factors, <, arc shown in Figure A, 4, This slight perturbation on f's
provides some cqualization of the various grating lobe magnitudes.  However,

the additional benefit on grating lobe suppression is not significant,
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It appears that the only effective means of obtaining grating lobe
suppression of =20 dB is to reduce the clement spacing. Figure A.5 gives
the subarray patterns as a function of element spacing from 2,11 to 2,71 inches
(A = 1,24 inch). In all cases, the highest grating lobe falls within the main
lobe of the subarray pattern. To obtain grating lobe suppression of -17 dB,
element spacing of 2,11 inches must be used. Conscquently, low grating lobe
level is bought at significant reduction of element spacing or increase in the

number of subarrays.
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APPENDIX B — DETERMINATION OF TRANSMISSION COEF FICIENT
BETWEEN ELEMENTS IN FEED ARRAY AND RECEIVE ARRAY

E, Two-Dimensional Array

The power absorbed by a perfectly matched ¢lement in a two-dimensional
array is cqual to the incident power density times the clemental arca,  The antenna
gain is thorefore:

G = 4“4\/,\2 (B-1)
where A is the effective area of the element.,

The power transmission cocfficient between an element in the feed array

: < 3 p - (8]
and an clement in the pickup array is given by Silver as:

¥
P, GGX
_ (B-2)
5 D
Fi lém R~
Substitution of {B-1) gives:
P A A
I r & Y7
-P— —)—T (l)'.))
i R™A
If a squarc element lattice is assumed, the pertinent areas are
L
A-\.t = A
A_=d
Y
Conscquently,
P A ‘2
r )
| A 'IT(T (B-4)
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The transmission cocfficient when the pertinent clements are directly
facing cach other is

g(m, p) = —I‘z—‘{ (B-5)

In general, the line of sight is not normal to the plane of the arrayvs and (B-3)

should be modificd to vield

glm, p) = ﬁ—(\l Ccos -11 cos 8, (B-6)

In the asbove R is the distance between the two elements in question
and &, and Gy are the angles between line of sight and the normal to the arrays,
The factors cos “1 and cos 7, can be identified as the active clement
patterns of two arrays whose impedances are perfectlv matched. In the event

that the impedance of cither one or both arrays are not matched, cquation (B-6)

can be gencralized to include these cases:

i
g p) = RS S (D) 8,09) (B-7)

[n which .\l( ) and S,(8) are the normalized active element patterns,

2, Linear Array
I'he derivation of the transmission coefficient in this case is parallel

to that for the two-dimensional arrav., Assuming the radiation pattern to be

given by (sce Slater’),

sin(~d/A) sin &
T S, T T i \‘8
(rrd /M) sin ¢ (B=8)

COS

Slater has shown that the radiation pattern of a rectangular area of uniform
current distribution assumes the above form,  Since the aperture with uniform

listribution has maxirmum gain, the aperture is also matched.,




G=F" = 2rrd/ A
or
d = A/2nG (B~9)
-
where F~ is the averaged power pattern.
It follows that the transmission coefficient in the case of normal
incidence is,
(N, n) = da R 0)
gim, p) = r: {B-10)
For oblique incidence the above formula is modified o viceld
dA 3
glm, p) = §= cos g cos 3, (B-11)
When the arrays are not matched, the following formula must be used,
g(m, p) = 5,(8) = S,(8) B-12)




APPENDIX C —ACTIVE ELEMENT PATTERN OF AN ELEMENT IN
THE REGULARLY SPACED ARRAY
It is well known that for a perfectly matched array, the element gainx
is
—--\ N
g(®= T cos s (€-1)
\2
Thus, the active element power pattern is
2
S7(8) = cos (C-2)

When the array is scanned over the angular range in which no grating lobes are
formed, it is possible in principle to match the antenna array perfectly, and this
perfectly matched condition is closely approached in practice, However, when
grating lobes are formed, the antenna array on receive cannot be matched

b

perfectly even though it may be perfectly matched on transmit,
is quite analogous to the matching condition for a reactive tee junction in e
the sum arm may be matched while the branch arms are not, The sum ar
cquivalent to the transmission line mode within the feed lines of the antenn
irray, while the branch arms are equwvalent to the space modes of the main
beam and grating lobe. It has been our experience that antenna arrays can be
matchod on transmit in spite of presence of grating lobes, Under this matched
ndition, the active clement pattern at scan angle in which the main beam and

grating lobe are both at the same polar angle is given as

(BES)
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APPENDIX D —BEAM SWITCHING MATRIX LOSSES

The transmission loss through the beam switching matrix has been
estimated, The 1:2 and 1:4 X-band micromin switches shown in Figures D, 1
and D.2 arc assumed to be used as a basic celement of the switching matrix,
Semiflexible cables (. 141p diameter) are used to interconnect the various
switches,  Cable lengths are estimated based on the size of the switch units
and the clearance required for crisscrossing the cables. Tables D.1 to
D. 4 show the parts list and the loss tabulation for the cases of §, 16, 32
and 64 simultancous beams, respectively. Table D5 pertains to the case of
combining cight 2 x 2 beam clusters to provide eight simultancous beams,

The estimated losses arce rather high based on the mentioned switch
design. In order to reduce these losses, more components within the switching
trees must be integrated into one single unit. For example, instead of forming
a 1:16 tree by connecting five =:4 switches, the 1:16 tree can be built on a single
substrate, Furthermore, instead of using . 141 inch cables, quarter inch cable,
for example, may be used. Then, the line loss would be considerably lower;
however, the size of the beam switching matrix must also increasce considerably.
Even if the low loss components are used, the total loss probably cannot be

reduced to a point where RE amplification is not nceded,
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Design information for X-band switch (micromin) (from Burns and Charlton)

‘«—_.7—. Ve
R

1:4 Switch i ‘ i——z m
t I f

o 3= I

Path length — 3.5 ?
Eoss T 2% . ‘
(.1446 x 3.5) g
=1 dB L.4
i
T ¥
i
!
2.9 i
1:2 Switch : 17

w[a = .8
L e

Linc loss for 50-- line = .07 dB/ \d

A

o et €ﬁ. = 6.6 for w=.025 on .025" alumina
bL‘“‘

at 9.5 Gz, Loss = .07 dB/.4839" = ., 1446 dB/in.

Rule of Thumb = Multiply the line loss by 2 to account for the diode loss,

FIGURE D,2 — MICROMIN SWITCH DESIGN INFORMATION,
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First L

Sceond

Third [

Total

TABLE D.1 —PARTS LIST AND LOSS IFOR

Number of simultancous beams = 8

Number of groups

Number of beams in a group

Parts Lis

1St

cevel

Input cable, length

LP4T switch

LP2T switch

Connccting cable, length

[evel

Input cable, Tength

LP4T switch

1P2T switch

Connecting cable, length

.evel

Input cable, length

1P4T switch

1P2T switch

Connecting cables, length

1P4T switch

1P2T switch

SPDYT junctions
Number of cables
Loss

(s)

=13 (m)

=16 (n)
Number of Units Los

s per Unit, dB

208, 6"
65
0

52,

Jrane 35
26
13
26,0 A

104, 25"
40
0

R

18541

13
406
433

0,60 dB




arts

TABLE D,2 — PARTS LIST AND LOSS FOR

Number of simultancous beams
Number of groups

Number of beams in a group

I i<t

Iirst Level

Second

Input cable, length

LP4T switch

1P2T switch

Connecting cable, length
Level

[nput cable, length

1P4T switch

LP2T switch

Connecting cable, iength

Third Level

Total

[nput cable, length

LP4T switch

IP2T switch

Connecting cable, length

LP4T switch
IP2T switch
SPDT junctions
Number of cables

Loss

= 16

16

Number of Units

(S)
(m)

(n)

Loss per Unit, dB

2035 16
a1

16,
S0

04,

=

=015

\l_,

30

04

240

720
672

.24
3

6.68 dB




J TABLE D, 3 — PART

Number of simultanecus beams 32 (S)
F Number of groups - 32 (1)

Number of beams in a group : 7 (n)

Parts List Number of Units Loss pexr Unit, dB
First Level
Input cable, length 224, 67
1P4T switch 6
1P2T switch 32 &3
Connecting cable, length 04, 4 .16
Second Level
Input cable, length 32, 35" 1.4
1P4T switch 3201 2x1, (2levels)
1P2T switch 32 D
Connecting cable, length 320, 7° 25
Third Level
Input cable, length 1024, 50 Zuh)
1PAT switch 320) 2 % 1. (2 level
1P2T switch 2
Connecting cable, lengtl 320, T
st ]
94
1984
Loss 10.26




TABLE D.4 — PARTS LIST AND LOSS FOR

Number of simultancous beams

Number of groups

Number of beams in a group

Parts List

First Level

Input cable, length
1P4T switch
1P2T switch

Conncceting cable, length

Second Level

Input cable, length
1P4T switch
1P2T switch

Connecting cable, length

Third Level

Input cable, length
1P4T switch
1P2T switch

Connecting cable, length

1P4T switch
1P2T switch
SPDT junction
Number of cables
Loss

- 64 (S)
= 64 (m)
= 4 (n)
Number of Units Loss per Unit, dB
256, 6" 24
64 1.
64, 35" 1.4
1280 2 x 1. (two levels)
192 2 x .3 (two levels)
1408, 7' .28
4096, 60" 9.4
1280 2 x 1. (two levels)
192 2 x .3 (two levels)
1408, 7 .28
2624
384
8256
7232

10,8 dB




r"'.'———_——""——"-'

TABLE D.5 —PARTS LIST AND LOSS FOR

8 simultancous beams, cach by combining a 4 beam cluster

Parts List Numbcer of Units Loss per Unit, dB

FFirst Level

Input cables, length 208, 6" .24
1P4'T switch 416 e
1P2°T switch 208 3
Connccting cable, length 416, 4" .lo

Second Level

Input cable, length 1664, 35" 1.4

LP4'T switch 480 2 x 1. (2 levels)
1P2T switch 256 Z:x .3(2 levels)
Conncecting cable, length 704, 7" 3x .28 (3 levels)

Third Level

Input cable, length RIS .28

Power combiner (L:4 feed) 8 2
Total

1P4T switch 896

1P2T switch 464

SPDT junction 3152

Number of cables 3024

1 oss 7.02 dB
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METRIC SYSTEM
BASE UNITS:

Quantity Unit S1 Symbol Formula
length metre n
mass kilogram kR
time second 5
electric current ampere A
’i’.!‘n“:ui\ndn\ll “'nlp(’rﬂ[l]r!’ aelivin N
amount of substance mole mol
luminous intensity candela cd
SUPPLEMENTARY UNITS

plane le radian rad
solid ar steradian sr

DERIVED UNITS:

Acceleration metre per second squared m's
ot f a radioactive source disintegration per second |disintegration)/s
ngular acceleration radian per second squared rad’s
ingular velocity adian per second rad’s
ired square metre m
fensity kilogram per cubic metre kgm
ectr ipacitances farad f As\
il conductance siemens S AN
ric field strength olt per metre V'm
nductance henry &1 Vis'A
oot wotential difference volt \ VA
ectric resistancs ViA
tromotive forci valt \ WA
B ol :
ule per kel
ewtor N
nande X Ix
ince idela per square metrs
T s Mux n
1 field strength per ¢
IR flux Wt Vs
gnetic flux density esla I Whinr
wnetomotive force impere A
powe vatt W J's
C SUm 1S al ta v 1T
intity of electric ity mb ( A-s
t t heat ¢ J Nem
f1ant intensity vatt per steradia Wisr
fic heat e per k Jkg-K
tress pascal Pa N'm
onductivity vatt per metre-kelvin Wm-K
: ddotts r second mis
sitv. dynamic pascal-second Pa-s
ty. kinemati square metre per second ms
lags vaolt \ WA
me ubic metre m
mber reciprocal metre (wavelm
x ) N-m
51 PREFIXES
Multij stion Factors Profix St Symbol
‘ 1. 000 000 000 000 -~ 1012 tera I
1 000 GO0 DOO 10" KiKa (
00 000 = 105 megs M
1 00( 10" kilo k
100 = 10?2 hecto* h
10 = 10 deka* da
01 -1 dec)* d
1= 3n=3 centi® t
0001 = 107 milli m
000 001 10" micro "
000 D00 001 1= nanc n
100 (00 D00 001 Yo~ e prco P
100 000 O0G 000 D01 10 ' fomto f
" O 000 O O 000 01 ] L alto n
. ' '
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